Abstract Urban forests provide important ecosystem services. In terms of hydrological benefits, forest ecosystems in urban environments represent qualitative and quantitative filter for rainwater. We quantified the canopy interception in relation to urban forest stand structure and rainfall intensity in an urban transect of the mixed (upland) forest in the city centre, towards a riparian pine forest and a floodplain hardwood forest in the City of Ljubljana, Slovenia. Bulk precipitation in open areas and throughfall were measured with fixed rainfall collectors in each forest. Stemflow was estimated from a review of relevant literature. We found that canopy interception in selected urban forests was mainly affected by tree species composition and other stand structure variables, such as canopy cover and tree dimensions. Average annual canopy interception was highest in the mixed forest (18.0% of bulk precipitation), while the riparian pine forest had the lowest level (3.9% of bulk precipitation) and the floodplain hardwood forest had the intermediate level for interception (7.1% of bulk precipitation). The mixed forest exhibited the stand structure factors that contributed to the highest canopy interception among the studied forests: high assemblage of dominant coniferous trees, denser canopy cover and the highest growing stock. Furthermore, rainfall intensity has proven to be an important factor for the seasonal partitioning (comparing the leafed and leafless period) of canopy interception. A better understanding of precipitation interception processes in urban forests is needed to assist urban forest managing and planning, aiming at maximizing canopy interception for the mitigation of stormwater runoff and flooding in urbanized watershed.
Introduction
Urban forests provide numerous important ecosystem services (Bolund and Hunhammar 1999; Tyrväinen et al. 2005; Sanesi et al. 2011) . The most recognized benefits, stemming from urban forest ecological services (McPherson et al. 2005) , are: rainwater retention (Chen and Jim 2008) , flood regulation (Sanders 1986 ), water quality protection (Xiao et al. 1998) , moderation of the urban climate (Lafortezza et al. 2009; Hamada and Ohta 2010; Armson et al. 2012 ) and air pollution reduction (Brack 2002; Bealey et al. 2007; McDonald et al. 2007; Zupancic et al. 2015) . In terms of hydrological role, forest ecosystems in urban environments represent qualitative and quantitative filter for rainwater (Bellot and Escarre 1998) . With the interception and retention of precipitation in tree canopies, forests are capable of regulating throughfall -the proportion of precipitation that either passes through gaps in the canopy or drips from foliar and woody components of the canopy (Schooling and Carlyle-Moses 2015) . Consequently, they mitigate soil erosion processes and the related negative effects of intense rainfall events, e.g., water accumulation, flooding (Chen and Jim 2008) , stormwater runoff and the costs of controlling it (McPherson et al. 2005; Zabret and Šraj 2015) .
The ability of urbanized watersheds to mitigate stormwater runoff and flooding (Beniston et al. 2007; Livesley et al. 2014) has decreased in many regions around the world due to increased rainfall intensities, increased urbanization (impervious surfaces), and aging and deficient urban infrastructure, since the existing drainage infrastructures (or the green infrastructure) were not designed for current rainfall intensities (Kirnbauer et al. 2013) . Previous studies have shown that urban forests can contribute significantly in terms of precipitation redistribution, interception and evaporation. However, the spatial variability of forest canopy interception (interception, storage, and subsequent evaporation of precipitation by tree crowns; Livesley et al. 2014 ) is largely controlled by forest stand structure (e.g., tree species composition, canopy cover), seasonality (seasonal presence or absence of foliage), as well as rainfall spatial distribution and its intensity (Xiao et al. 2000b; Šraj et al. 2008b ). In addition, Siegert et al. (2016) and Šraj et al. (2008a) suggest that hillslope position within a watershed must also be considered for its effects on microclimate growing conditions and species distribution. Knowledge of the optimal urban forest stand structure for maximizing canopy interception is useful for urban forest managers and planners when developing strategies for mitigating stormwater runoff and flooding.
Sufficient information on the hydrology of forests in urban areas is lacking (e.g., Fletcher et al. 2014) . Stand-scale studies of natural urban forests (e.g., Xiao et al. 1998; Xiao and McPherson 2002; Asadian and Weiler 2009; Inkiläinen et al. 2013) throughfall, canopy interception and stemflow (the spatially localized fraction of precipitation that is intercepted by the tree cover and subsequently flows down the branches and stem to the base of the tree; Levia and Frost 2003) have been largely overlooked (Inkiläinen et al. 2013) , even in temperate regions. Previous studies have generally focused on rural forests and isolated street trees. Hydrological processes in urban forests differ from those in plantations (Rutter et al. 1971; Stogsdill et al. 1989; Crockford and Richardson 1990; HouBao et al. 1999; Park and Cameron 2008; Saito et al. 2013) , urban parks (Šraj et al. 2008b; Schooling 2014; Schooling and Carlyle-Moses 2015) and isolated urban/ street trees (Xiao et al. 2000a; Guevara-Escobar et al. 2007; Asadian and Weiler 2009; Xiao and McPherson 2011; Livesley et al. 2014) . Consequently, results from plantations (homogeneous structure), urban parks or street trees (individual level) cannot be generalized to natural urban forests (stand-scale). Therefore, it is of great importance to investigate canopy interception in specific forest types and climates over long time intervals.
The aim of this study was to evaluate optimal stand structure in different urban forests regarding tree species composition, canopy density and tree dimensions (height, diameter) on the seasonal and annual canopy interception. The study occurred over a six-year period in an urban transect from the mixed (upland) forest in the city centre towards the riparian pine forest and the floodplain hardwood forest, thereby covering a range of forest types likely to be encountered in Slovenian urban forests. In addition, we tested whether seasonal rainfall intensity influenced the generation of throughfall and canopy interception in selected urban forests. The results could aid in the development of urban forest management measures for maximized canopy interception, aiming at mitigating stormwater runoff and flooding in urbanized watershed.
Materials and methods

Site and stand description
The studied forests are located near the city of Ljubljana, Slovenia (46°04′ N, 14°31′ E) with a population of 280,140 (Loose et al. 2010) . The Slovenian capital is situated in the Ljubljana Basin, characterized by a continental climate (CfB according to the Köppen climate classification system), with well-defined seasons. Mean annual precipitation is 1393 mm and the mean annual air temperature is 9.8°C. The interannual variability of precipitation is rather significant, with maximal precipitation in summer and fall (Zupančič 1995) . The sites were established in a transect from an urban mixed (upland) forest in the city centre towards the riparian pine forest and the floodplain hardwood forest along the Sava River (Fig. 1) . Stand characteristics of urban forests were collected according to the ICP Forests protocol (Dobbertin and Neumann 2010) and are given in Table 1 .
1) Mixed forest
The natural, urban mixed forest is located in the landscape park of Tivoli, Rožnik and Šišenski Hrib in the very center of the city of Ljubljana (Fig. 1) . Since 2010, most of the forest area has been protected due to its highly valued social and ecological forest ecosystem services (Verlič et al. 2014a) . A study conducted in 2010 (Smrekar et al. 2011 ) estimated 1,750,000 visits to this park per year.
The site is 310 m above sea level, and consists of a 0.25 ha (50 × 50 m) plot. The forest canopy is comprised of sessile oak (Quercus petraea (Mattuschka) Liebl.), sweet chestnut (Castanea sativa (Mill.)) and Norway spruce (Picea abies (L.) Karst.). The canopy cover is very dense. Forest floor vegetation contains few species in the shrub and herb layer. Bedrock material consists of sedimentary rocks (slate, clay and quartz sandstones). The soil was classified as Dystric cambisol (WRB 2007) . The thickness of the O horizon was 0 to 6 cm and the depth of the M horizon was between 0 and 130 cm, with a clay-loam texture (Verlič et al. 2014b) .
2) Riparian pine forest
The riparian pine forest is located in the sub-urban part of the city of Ljubljana, along the Sava river (Fig. 1) . It is positioned on a raised riverine terrace, outside of the direct influence of the river water (Verlič et al. 2014b ). The site is located at 300 m above sea level, and consists of a 0.25 ha (50 × 50 m) plot of Scots pine (Pinus sylvestris L.) in the upper canopy layer, with 78% of total growing stock and a mixture of deciduous tree species in the mid-story and lower canopy layer, such as small-leaved lime (Tilia cordata Mill.), sessile oak (Quercus petraea (Mattuschka) Liebl.) and European hornbeam (Carpinus betulus L.). The canopy cover is very loose (fragmented), containing rather dense shrub and forest floor vegetation (Vilhar et al. 2013) . The bedrock material is glaciofluvial gravel and the soil was classified as Fluvisols (WRB 2007) . The thickness of the O horizon was 0 to 6 cm and the depth of the M horizon was 0 and 40 cm, with a sandyloam texture (Verlič et al. 2014b ).
3) Floodplain hardwood forest
The floodplain hardwood forest is located in the vicinity of the riparian pine forest (Fig. 1) , approximately 2 m above the Sava River terrace during the daily high flow (Vilhar et al. 2013 ). The site is located at 296 m above sea level, and consists of a 0.25 ha (50 × 50 m) plot of sycamore maple (Acer pseudoplatanus L.), gray alder (Alnus incana (L.) Moench.), small-leaved lime (Tilia cordata Mill.), European ash (Fraxinus excelsior L.), willows (Salix sp.), European black poplar (Populus nigra L.), etc. Canopy cover is loose, with rather dense shrub and forest floor vegetation. This site is especially exposed to spontaneous spreading of invasive alien plant species, e.g., Fallopia japonica, Solidago canadensis, Rudbeckia laciniata (Dakskobler et al. 2013; Verlič et al. 2014b ) as a result of frequent flooding (Vilhar et al. 2013 ). Bedrock material is glaciofluvial gravel and the soil was classified as Fluvisols (WRB 2007) . The thickness of the O horizon was 0 to 4 cm and the depth of the M horizon was between 0 and 90 cm, with a clay-loam texture (Verlič et al. 2014b ).
Collection of rainfall partitioning components
Bulk precipitation and throughfall were monitored from 1 January 2008 to 31 December 2013. Samples were manually Fig. 1 Locations of investigated urban forest stands within the city of Ljubljana. The urban mixed forest is positioned closely to the city center, while the riparian pine forest and the floodplain hardwood forest (represented with one point due to their close proximity) are situated along the Sava river in the sub-urban part of the municipality. The position of Ljubljana Meterological Station is also shown. The points are connected with solid line and air distances between them are added (online source: Geopedia, http:// www.geopedia.si/#T105_ x465512_y104064_s13_b2) collected fortnightly (in the mixed forest) or monthly (in the riparian pine forest and in the floodplain hardwood forest).
Bulk precipitation was measured on an adjacent meadow (an open area), approximately 100 m outside each forest. Three fixed rainfall collectors (0.23 m in diameter) in the leafed period and three snow collectors (0.23 m in diameter) in the leafless period (solid state precipitation requires different collection methods; Siegert et al. 2016) , were installed 140 cm above ground level (Clarke et al. 2010) . Bulk precipitation data were combined to coincide with the throughfall sampling periods and were compared to precipitation at the Ljubljana Meteorological Station (299 m above sea level; 46°04′ N, 14°31′ E) (Slovenian Environment Agency archive 2015), for which the hourly precipitation intensity in the leafed and leafless period was also calculated. Rainfall intensity classes (mm h −1 ) were defined according to the Slovenian Environment Agency classification (Kermavnar 2015) . The mixed forest site was equipped with eight systematically distributed, fixed-funnel collectors (0.23 m in diameter), installed 140 cm above ground level. In addition, throughfall was collected using ten systematically distributed gutter collectors (3-m long tube, 4-cm in diameter, with three, 87-cm long and 0.9-cm wide slits in lines), with the upper portion installed 0.60 m above the forest floor, draining directly into polyethylene tanks, which were used as collection containers (Zlindra et al. 2011) . The total sampling area in the 0.25 ha plot was 0.52 m 2 (the receiving area of each funnel collector was 415 cm 2 and of each gutter 185 cm ). The volumes of bulk precipitation and throughfall were measured in the field with a graduated cylinder.
Results of the full study period were split up into two seasons for further investigation, according to phenology development of dominant tree species at each site: a. the leafed period, when deciduous trees fully develop their leaves (the mixed forest from May 1 to October 31, the riparian pine forest and the floodplain hardwood forest from April 15 to October 31); b. the leafless period, when deciduous trees do not have leaves in the crowns (the mixed forest from November 1 to April 30, the riparian pine forest and the floodplain hardwood forest from November 1 to April 14). This division was particularly applied due to deciduous trees not retaining their leaves year round (Asadian 2007) , which (Vilhar et al. 2013) substantially influences the variability of rainfall partitioning (Herbst et al. 2008; Gerrits et al. 2010; Zabret et al. 2016) . Phenological data were obtained from the observations of Slovenian Environment Agency, Bureau of Meteorology (Department of Agricultural Meteorology) for selected tree species (Robinia pseudoacacia, Alnus glutinosa, Populus nigra, Quercus sp., Picea abies, Pinus sylvestris, Salix sp., Fraxinus excelsior) and their phenophases (Archive of phenological data 2015). Data series were available for the years 1991-2013, except for the Populus nigra from 1998 to 2011. Additional information was also found on Slovenian Environment Agency website and in the dendrological literature dealing with tree species in Slovenia (e.g., Brus 2004) . We focused on phenophase of the first leaves occurence in spring (as the beginning of the leafed period) and on the leaves fall off in autumn (as the end of the leafed period). The average value (date) of each phenophase for all years of observations was calculated for each urban forest stand (Kermavnar 2015) . Stemflow at each site was estimated based on the relevant literature review for dominant tree species and their basal area, assuming that stemflow is proportional to the respective tree basal area. There is a clear correlation between stemflow production and tree size (i.e., stem diameter and basal area, respectively) (Bellot and Escarre 1998; Dietz et al. 2006; Vilhar 2010; Vilhar 2016) . Several studies reported stemflows for each dominant tree species that were averaged and weighted with the share of species basal area in the total (stand) basal area at the site. Stemflow has been investigated as a function (among other influential variables) of seasonality (Dolman 1987; Livesley et al. 2014) . Herbst et al. (2008) exposed that stemflow yield is much higher during the leafless period compared to the leafed period. Therefore, the upper range was used as estimated seasonal stemflow in the leafless period and the lower range for the leafed period. For the mixed forest, 23 studies reporting on stemflow for five dominant tree species were used; for the riparian pine forest, 23 studies for eight dominant tree species and in case of the floodplain hardwood forest, 11 studies reporting on stemflow for six dominant tree species were used (Table 3) .
Canopy interception was calculated from a simple mass balance equation often used to describe precipitation partitioning (Crockford and Richardson 2000; Xiao and McPherson 2002; Toba and Ohta 2005; Herbst et al. 2008; Barbier et al. 2009; Gerrits et al. 2010; Inkiläinen et al. 2013; Zabret et al. 2016) :
To allow better comparison with other studies, we report canopy interception, throughfall, and stemflow as % of bulk precipitation, calculated from cumulative seasonal or annual data (i.e., the cumulative annual % throughfall is calculated by summing all monthly throughfall values (mm) for the respective year and dividing by cumulative bulk precipitation (mm)).
Data analysis and statistical methods
Missing data values on bulk precipitation were gap-filled using linear regression between measured bulk precipitation and precipitation at Ljubljana Meteorological Station (Slovenian Environment Agency archive) (Kermavnar 2015) . Missing data on throughfall in the mixed forest were gap-filled using linear regression between funnel and gutter collectors. Missing data on throughfall in the riparian pine forest and the floodplain hardwood forest were gap-filled using linear regression between bulk precipitation and measured throughfall.
Microsoft Excel was used for data verification and processing. Statistical data analyses were performed using the program IBM® SPSS® Statistics Version 20. The Spearman correlation coefficient (ρ) was used to test the association among bulk precipitation measured at selected sites and Ljubljana Meteorological Station. To assess the potential differences between seasonal throughfall (presence of foliage vs. absence of foliage) at each site, a Mann-Whitney (Wilcoxon) test, a nonparametric alternative to the t-test, was used because precipitation and throughfall data followed a non-Gaussian distribution (Voss et al. 2016; Siegert et al. 2016 ). The standard significance level (α) was set to 0.05.
Results
Bulk precipitation and throughfall
In the mixed forest annual bulk precipitation ranged from 1057 to 1673 mm (Fig. 2) . Compared to the long-term annual precipitation average recorded at Ljubljana Meteorological Station (1394 mm), 2009, 2011, 2012 and 2013 were drier than average years and 2008 and 2010 were wetter compared to the average. In the riparian pine forest and the floodplain hardwood forest, the annual bulk precipitation ranged from 845 mm to 1605 mm (Fig. 2) . The years 2010, 2011 and 2013 were drier and 2008, 2009 and 2012 were wetter than the reported long-term annual average.
Bulk precipitation at sites did not differ significantly from the precipitation measured at Ljubljana Meteorological Station (p > 0.05). However, a higher correlation was observed in the mixed forest (ρ = 0.963, p < 0.001, n = 156) compared to the riparian pine forest and the floodplain hardwood forest (ρ = 0.846, p < 0.001, n = 105). This could be likely due to shorter air distance between the mixed forest and Ljubljana Meteorological Station compared to distance between the riparian pine forest (the floodplain hardwood forest) and Ljubljana Meteorological Station (Fig. 1) .
The average rainfall intensity at Ljubljana Meteorological Station was significantly higher in the leafed period (1.86 ± 3.08 mm h −1 ) compared to the leafless period ) was most frequent (96%), with only 4% being classified as high intensity rainfall events (4.1-16.0 mm h −1 ). However, in the leafed period, 87% of the rainfall events were low intensity and 13% were considered high intensity (4.1-50.0 mm h −1 ) (Fig. 3) . The highest annual throughfall was in the riparian pine forest (1220 mm or 94.1% of bulk precipitation, standard deviation (SD) = 3.4%) and was lowest in the mixed forest (1077 mm or 78.3% of bulk precipitation, SD = 7.1%), followed by the floodplain hardwood forest with 1165 mm or 89.1% of bulk precipitation (SD = 5.4%). Seasonal differences in throughfall among the forests were not statistically significant (p > 0.05). Nevertheless, the leafed period throughfall in the riparian pine forest and the floodplain hardwood forest were lower compared to the leafless period throughfall in each forest, whereas in the mixed forest, the leafed period throughfall was slightly higher compared to the leafless period throughfall (Table 2, Fig. 4) . Moreover, in the leafled period of 2013, throughfall in the riparian pine forest and the floodplain hardwood forest (177 mm or 59.0% and 164 mm or 54.7% of bulk precipitation, respectively) was evidently lower compared to average throughfall for the overall study period (816 mm or 89.5% and 766 mm or 83.9%, respectively). However, in the mixed forest, throughfall in the leafed period 2013 was not exceptionally low (381 mm or 71.5%) compared to the average (606 mm or 78.7% of bulk precipitation).
The relationship between bulk precipitation and throughfall showed a positive and significant (R 2 > 0.95) linear correlation at all sites for the leafed and the leafless period, thereby confirming that the amount of bulk precipitation is the main factor controlling throughfall (Bellot and Escarre 1998; Guevara-Escobar et al. 2007; Vilhar 2016; Vilhar et al. 2017) . As expected, throughfall percentage increased while rainfall interception rate decreased with bulk precipitation amount (Sadeghi et al. 2016 ).
Stemflow
The average estimated stemflow was 3.7% of bulk precipitation in the mixed forest, 2.0% in the riparian pine forest and 3.8% in the floodplain hardwood forest (Table 3) . At all sites, the estimated leafed period stemflow was lower than estimated leafless period stemflow. In the mixed forest, the leafed period stemflow ranged from 2.2% to 3.7% of bulk precipitation and stemflow in the leafless period was between 3.7% and 5.2%. In the riparian pine forest, the leafed period stemflow ranged from 0.7% to 2.0% of bulk precipitation and the leafless period stemflow was estimated between 2.0% and 3.3%. In the floodplain hardwood forest, the leafed period stemflow was estimated to represent 2.4% to 3.8% of bulk precipitation and stemflow values in the leafless period accounted between 3.8% and 5.2%.
Canopy interception
Annual canopy interception was highest in the mixed forest (248 mm or 18.0% of bulk precipitation) and lowest in the riparian pine forest (51 mm or 3.9%), followed by the floodplain hardwood forest (92 mm or 7.1%) (Fig. 4) . Seasonally, the floodplain hardwood forest exhibited the largest seasonal differences in canopy interception, followed by the riparian pine forest, which had considerably higher leafed period canopy interception compared to that in the leafless period. In the mixed forest, where the leafed period canopy interception was higher compared to that in the riparian pine forest and the floodplain hardwood forest, seasonal canopy interception partitioning was nearly identical. In addition, the leafed period canopy interception in the mixed forest was 2% lower compared to that during the leafless period.
Discussion
Canopy interception of precipitation is one of the most important (Li et al. 2016 ) hydrological processes in forest ecosystems (Brauman et al. 2010) . The results of this study suggest that canopy precipitation partitioning in selected urban forests is strongly influenced by tree species composition, canopy cover and growing stock (i.e., tree dimensions) as well as rainfall spatial distribution and intensity. Optimal stand structure for maximized canopy interception regardless of the season was in the mixed forest, characterized by a substantial share of coniferous evergreen trees (especially dominant Norway spruce trees), dense canopy cover and the highest growing stock, compared to other forest types under the study.
Canopy interception in relation to stand structure of urban forests
The variables responsible for throughfall and canopy interception partitioning are numerous and complex, stemming from individual canopy characteristics (Li et al. 2016) , ecoregion (Zimmermann et al. 2007 ), rainfall intensity (Bryant et al. 2005; Šraj et al. 2008a; Moreno Perez et al. 2013) , and seasonality (Deguchi et al. 2006; Siegert et al. 2016) . Every forest ecosystem, defined by its tree species composition, structural traits, soil features and microsite conditions, is somehow unique. Hence, it is difficult to draw general conclusions about throughfall and canopy interception by investigating specific forest types and climates. The mixed forest had consistently higher canopy interception than the other two forest types, i.e., the floodplain hardwood forest and the riparian pine forest. This can be attributed to denser canopy cover in the mixed forest, a substantial assemblage of coniferous evergreen trees (46% in the growing stock) with wider crowns, especially dominant Norway spruce trees, and the highest growing stock (Table 1) . Those are all stand structure variables which contribute to higher canopy interception (Toba and Ohta 2005; Dietz et al. 2006; Vilhar 2016) . Conifers tend to have greater interception capacity than deciduous trees (Inkiläinen et al. 2013 ) and large trees with considerable canopy surface area can decrease throughfall by intercepting a substantial fraction of bulk precipitation (Brauman et al. 2010) . In an urban park in the city of Ljubljana, coniferous tree species (Pinus sylvestris) exhibited evidently higher canopy interception (51-65% of bulk precipitation) compared to deciduous tree (Betula pendula; 23- Fig. 4 Average throughfall, stemflow and canopy interception (% of bulk precipitation) in a) the mixed forest b) the riparian pine forest and c) the floodplain hardwood forest for the leafed period, the leafless period, and year from 2008 to 2013 Table 3 Estimated stemflow (% of bulk precipitation) for dominant tree species (order reflects share of species basal area in the total stand basal areafrom the highest to the lowest) and used results from various studies for stemflow estimation at each forest site Grey alder (Alnus incana)
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Urban Ecosyst (2017 Ecosyst ( ) 20:1373 Ecosyst ( -1387 40%) (Šraj et al. 2008b ). In the mixed beech-spruce forests in the Pohorje Mountains (Slovenia), a higher share of Norway spruce (coniferous tree species) in the growing stock contributed to lower annual net precipitation -the sum of throughfall and stemflow (Vilhar 2016) . High interception by forest canopies is frequently associated with high leaf area index (Sadeghi et al. 2016) , which is closely related to canopy cover. The study from Livesley et al. (2014) illustrated that urban street tree with denser canopy (greater plant area index) intercepted more annual rainfall (44%) than street tree with a less dense canopy (29%). In streets, parks and natural forested areas interception accounted for on average 76.5% and 56.4% of bulk precipitation for coniferous and deciduous trees (Asadian 2007) . For a broad-leaved deciduous urban forest, Inkiläinen et al. (2013) reported throughfall from 78.1% to 88.9% of bulk precipitation, indicating 9.1-24.1% rainfall interception. Seasonally, the floodplain hardwood forest and the riparian pine forest exhibited considerably higher leafed period canopy interception compared to that in the leafless period (Fig. 4) , potentially resulting from the seasonal variation of canopy cover (Bryant et al. 2005) . Deciduous broadleaved trees shed leaves at wintertime, therefore contributing to reduced canopy interception (Deguchi et al. 2006; Xiao and McPherson 2011) . In contrast, the presence of foliage (for deciduous trees) during the leafed period is expected to increase the amount of precipitation intercepted in the canopies (Siegert et al. 2016; Vilhar 2016) . Zabret et al. (2016) showed clear variability in canopy interception, associated with the leafed and leafless period of two distinct tree species (Betula pendula and Pinus nigra). For instance, Betula pendula intercepted 60% of precipitation in the leafed period compared to 30% interception rate in the leafless period. Another study conducted in Ljubljana showed that throughfall under silver birch (Betula pendula, deciduous tree) during the leafless period was almost 23% higher than in the leafed period (Zabret and Šraj 2015) . For the mixed beechspruce forests, the net precipitation was on average 10% lower during the growing season (the leafed period) than during dormancy (the leafless period) (Vilhar 2016) . Xiao et al. (1998) observed that the greatest interception occurred during the leaf-on season in an urban forest in Sacramento, USA. In a study of a municipal urban forest, Xiao and McPherson (2002) reported seasonal variation in rainfall interception for a large deciduous tree during the leafless period (14.8% of bulk precipitation) and during the leafed period (79.5%).
Riparian pine forest had the highest share of conifers (Scots pine) (79% in the growing stock, Table 1 ), but exhibited the lowest canopy interception among selected urban forest types. In general, a higher share of deciduous trees in mixed forests contributes to higher throughfall and stemflow and lower canopy interception (Vilhar 2016) . However, during the time of our study, the riparian pine forest experienced more loose canopy cover where the upper canopy of Scotch pine was open and spacious. This forest also contained many hardwood tree species with smaller dimensions (height, diameter) compared to the mixed forest (Table 1) . Smaller crowns do not intercept as much precipitation as wider crowns. Leafed period interception for an urban forest stand with dense canopy cover, dominated by large, broadleaf evergreens and conifers, was 36% and for an urban forest with less dense canopy cover, dominated by medium-sized conifers and broadleaf deciduous trees, it was 18% (Xiao et al. 1998 ). This indicates that canopy interception in urban forests can be, among other parameters, influenced by tree dimensions within a forest stand.
In the leafed period of 2013, the riparian pine forest and the floodplain hardwood forest displayed significant decreases in throughfall (Table 2 ) compared to other years (leafed periods). This could be attributed to very low summer precipitation amount in 2013, causing drought throughout Slovenia (Sušnik and Valher 2014) . Another important aspect could be rainfall characteristics (e.g., type of precipitation event, rainfall duration, rainfall rate, drop size distribution etc.) (Šraj et al., 2008a, b; Zabret et al. 2016 ), which were not assessed in this study, but could contribute to better explanation of comparable deviations in throughfall in selected forests. However, low throughfall amount in the leafed period 2013 could be attributed to other reasons, which were not related to rainfall characteristics. In particular, progressing shrub (in the riparian pine forest) and forest floor vegetative growth (an invasive alien species with great vigor in the floodplain hardwood forest) (Vilhar et al. 2013) in early spring may contribute to increased interception and reduced throughfall throughout the leafed period (Cantú Silva and Okumura 1996) . The abundance of ground vegetation, dominated by early successional species, is often attributed to greater canopy light transmittance (Canham et al. 1994; Barbier et al. 2009 ). This is an effect of the particular canopy multilayer structure (Bellot and Escarre 1998) , where secondary interception occurs -water drips from the overstory (canopy layer) and is intercepted by lower plants (understory vegetation) -which makes a denser environment for rainwater to penetrate and results in a lower throughfall amount (Asadian 2007) . Shrubs and grasses also contributed to total interception in the urban forest of Sacramento (Xiao et al. 1998) . Therefore, further investigations into the development of understory vegetation and its impact on precipitation partitioning are necessary.
Canopy interception in relation to rainfall characteristics
Weather conditions vary at small and large scales (Brauman et al. 2010) . The precipitation amount can change significantly over short distances due to complex topography (Diodato 2005; Vilhar 2010; Vilhar et al. 2017 ), contributing to considerably different microclimate conditions (Crockford and Richardson 2000; Tetzlaff and Uhlenbrook 2005) . When comparing the annual amount of bulk precipitation at sites with that at Ljubljana Meteorological Station (Fig. 2) , the differences could be attributed to greater air distance between the riparian pine forest, the floodplain hardwood forest and Ljubljana Meteorological Station (6.06 km), compared to air distance between the mixed forest and Ljubljana Meteorological Station (3.3 km) (Fig. 1) . The differences across small topographic gradients are also evident in throughfall hydrology (Siegert et al. 2016; Vilhar 2016) . The amount of bulk precipitation is the main influential factor for throughfall and consequently for canopy interception partitioning (Bellot and Escarre 1998; Guevara-Escobar et al. 2007 ).
In the riparian pine forest and the floodplain hardwood forest, the canopy interception in the leafed period was higher compared to the leafless period (Fig. 4) , which was expected and in an agreement with other studies from temperate forests (e.g., Dolman 1987; Barbier et al. 2009; Vilhar 2016 ). This can be mainly recognized as a consequence of the reduced interception storage capacity of the leafless canopy (Herbst et al. 2008; Gerrits et al. 2010) . Deciduous tree species were quite abundant in the riparian pine forest and the floodplain hardwood forest, especially in the latter (Table 1 ). In addition, those two forest stands exhibited different forest structure properties (i.e., canopy cover, tree dimensions) compared to the mixed forest. This most likely counterbalanced the impact of rainfall characteristics (intensity) on canopy interception.
In the mixed forest, the seasonal canopy interception partitioning was nearly similar year round, but with slightly lower (2%) leafed period canopy interception compared to that in the leafless period. Several studies have reported higher leafless period canopy interception in the mixed forests due to the seasonal variation in rainfall intensity (Bryant et al. 2005; Šraj et al. 2008b; Moreno Perez et al. 2013) , which may obscure changes caused by the decreasing leaf area (Inkiläinen et al. 2013) . Šraj et al. (2008b) demonstrated clear differences in rainfall intensities among seasons. The highest rainfall intensity was recorded for summer and autumn (the leafed period), while in winter (the leafless period) rainfall intensity was significantly lower. Rainfall of high intensity and short duration presents lower interception values than low intensity, long duration events (Scatena 1990; Veneklaas and Van Ek 1990; Xiao et al. 1998; Wang et al. 2008; Asadian and Weiler 2009) , as shown in the leafless period at Ljubljana Meteorological Station (Fig. 3) . In low intensity rainfall events, which are generally associated with small drop size, the flow paths do not become overloaded (Crockford and Richardson 2000) . During the leafed period (spring and summer), characterized by convective precipitation events (thunderstorms), canopy interception and storage capacity (which varies considerably among tree species; Livesley et al. 2014) saturate much faster, which in turn leads to dripping rainwater on the forest ground and consequently, a larger amount of throughfall (Barbier et al. 2009; Siegert et al. 2016) .
Differences in canopy interception partitioning between the riparian pine forest and the floodplain hardwood forest on one side (higher overall canopy interception in the leafed period) and the mixed forest on the other side (higher overall canopy interception in the leafless period), could be explained by the possible differences in rainfall intensity between those two locations (Fig. 1) . It seems that rainfall intensity did not have evident impact on canopy interception in the riparian pine forest and in the floodplain hardwood forest. In the mixed forest, higher rainfall intensity in the leafed period resulted in lower canopy interception compared to the leafless period. Measurements of rainfall characteristics (e.g., type of precipitation event, rainfall duration, rainfall rate, drop size distribution etc.) for each forest stand separately could contribute to better understanding of canopy interception partitioning in selected forests.
In the leafless periods of 2009, 2010 and 2013 measured throughfall in the riparian pine forest and the floodplain hardwood forest exceeded bulk precipitation (underlined values in Table 2 ), resulting in negative interception values. Several studies report throughfall values greater than bulk precipitation due to drip points from the canopy where throughfall is preferentially deposited to the forest floor, leading to quantities greater than those of observed bulk precipitation (Bellot and Escarre 1998; Dietz et al. 2006; Vilhar 2006; Šraj et al. 2008a; Gerrits et al. 2010; Siegert et al. 2016) . Zimmermann et al. (2010) mentioned that throughfall data may include extreme (upper tail) values from a few isolated spots where throughfall is concentrated, i.e., sampling locations beneath drip points, which contribute to an overestimation of the mean throughfall (Brauman et al. 2010; Llyod and Marques 1988) . A likely source of bulk precipitation error, leading to its underestimation (Valente et al. 1997) , is the less reliable measurement of bulk precipitation, which is a problem in many studies (Crockford and Richardson 2000) .
The results of this and other comparable studies clearly demonstrate that canopy interception by forests is extremely variable and difficult to measure (Asadian and Weiler 2009 ). To achieve a higher spatial representativeness of the throughfall measurements and to improve canopy interception estimates in forests with a large canopy heterogeneity, a higher number of throughfall collectors should be used (Zlindra et al. 2011) . In addition, the rainfall pattern must be considered when selecting the type and number of collecting devices, since the coefficient of variation increases with decreasing throughfall depth (Zimmermann et al. 2010) . However, it is important to note that precipitation partitioning in our study was considered across a longer time scale (six years), in which differences in canopy interception induced by urban forest stand structure became more apparent compared to shortterm sampling campaigns.
Potential forest management implications
Urban forest management and planning requires knowledge on optimal stand structure for maximizing canopy interception when developing strategies for mitigating stormwater runoff and flooding. Forest stand structure has a direct impact on rainfall partitioning in forest ecosystems (Brauman et al. 2010) . In order to maximize canopy interception, appropriate forest stand structure should be established and then maintained with silvicultural measures. Urban forest management activities alter the structure of forest stands, which can be expected to influence rainfall partitioning in canopies. The impacts of managing the forest structure were evident and the effects of logging on rainfall partitioning have been observed in many studies (Dietz et al. 2006 ). Typically, interception in an unlogged forest would be greater than in a selectively logged (or naturally disturbed) forest stand (Asdak et al. 1998) . Dietz et al. (2006) reported lower canopy interception in forest plots under management than in natural or unmanaged forest (18-20% versus 30% of bulk precipitation, respectively).
When canopy interception by urban forest is a priority in forest management goals, several general aspects ought to be considered. Firstly, species composition should contain deciduous and coniferous trees, forming mixed forest stands. Forests containing species that are adopted to particular site are also more biologically resilient and prone to sudden environmental (climate) changes (Beniston et al. 2007 ). Secondly, continuous canopy cover should be maintained and larger canopy gaps need to be avoided. And finally, evergreen tree species with larger dimensions (wider crowns) are desired due to their ability to intercept precipitation in the leafless period. In our study, the mixed forest exhibited many of these features, while the riparian pine forest and the floodplain hardwood forest fulfilled them to a lesser degree.
Key findings of this study indicate that for the maximized canopy interception, urban forest structure should have mixed tree species composition and canopy cover must be maintained at sufficient level. This may be useful for urban forest management and planning and could contribute to the implementation of hydrology-oriented silvicultural measures in urban forests, aiming at mitigating stormwater runoff and flooding (Kirnbauer et al. 2013; Livesley et al. 2014 ).
Conclusions
In this study, selected urban forests differed considerably in terms of tree species composition, canopy cover and tree dimensions. Gerrits et al. (2010) reported that interception is considered to be about 15-50% of total incoming precipitation on forests in temperate humid latitudes. In the mixed forest, average canopy intercepted accounted for 18% of bulk precipitation, which is within this interval. Hence, optimal stand structure for maximized canopy interception regardless of the season was in the mixed forest, characterized by high share of coniferous evergreen trees, highest canopy cover and highest growing stock. However, the riparian pine forest (experiencing loose canopy cover and smaller tree dimensions) and the floodplain hardwood forest (in which deciduous tree species prevailed) exhibited evidently lower canopy interception (3.9% and 7.1% of bulk precipitation, respectively).
Canopy interception was related to rainfall spatial distribution and rainfall intensity as well. Seasonal variation in canopy interception was explained by different rainfall intensity. In the mixed forest, canopy interception was higher during the leafed period due to higher rainfall intensity. However, canopy interception in the riparian pine forest and the floodplain hardwood forest was higher during the leafless period. This could indicate different rainfall characteristic patterns between two locations of selected urban forest stands and the need for further investigations.
With the precipitation interception, vegetation cover (especially forests) importantly influence quantity and quality of water resources in urbanized watersheds. Thus, urban forest management and planning requires knowledge on optimal stand structure for maximizing canopy interception when developing strategies for mitigating stormwater runoff and flooding. In addition, future research, including a larger number of sites and in situ measurements of stemflow and rainfall characteristics, might contribute to a better understanding of the effect of stand structure on canopy interception in urban forests.
